A target localization algorithm, which uses the measurement information from onboard GPS and onboard laser detector to acquire the target position, is proposed to obtain the accurate position of ground target in real time in the trajectory correction process of semi-active laser terminal correction projectile. A target localization model is established according to projectile position, attitude and line-of-sight angle. The effects of measurement errors of projectile position, attitude and line-of-sight angle on localization accuracy at different quadrant elevation angles are analyzed through Monte-Carlo simulation. The simulation results show that the measurement error of line-of-sight angle has the largest influence on the localization accuracy. The localization accuracy decreases with the increase in quadrant elevation angle. However, the maximum localization accuracy is less than 7 m. The proposed algorithm meets the accuracy and real-time requirements of target localization.
Introduction
Using reconnaissance system to obtain the exact coordinates of ground target and providing the target location for weapon systems timely has become an efficient combat mode. A reconnaissance system is used to locate a target, and the target localization information is loaded to an onboard computer before launching a trajectory correction projectile. Currently, UAV [1] [2] [3] , airborne electro-optical platform [4] , and airborne radar or ground radar [5] [6] [7] have been used for ground target localization. The localization accuracy of all the localization methods is related to position accuracy of carrier itself and target detection accuracy.
On the battlefield the localization methods mentioned above have a certain target localization accuracy, but they have some security issues. For example, when an unmanned aerial vehicle (UAV) electro-optical detection platform (EODP) is used to locate a target, there are excessive measurement error factors, and it is difficult to analyze the localization accuracy; the localization methods by radar and GPS are susceptibly influenced by electromagnetic interference, and the cost is relatively high; localization method by reconnaissance aircraft is easy to expose to the target. In order to reduce the difficulties and risk of reconnaissance, an autonomous ground target localization method for semi-active laser terminal correction projectile is proposed in the present paper. In the proposed method, the relationship between projectile and target location is derived by combining the onboard GPS measurement data with the laser spot signal received by laser detector, and then the target location is calculated exactly. The influence of measurement errors on the localization accuracy obtained by the localization algorithm at different launching angles is analyzed through Monte Carlo method. The results show that the localization accuracy is higher in the case of small launching angle, and the influence of line-of-sight angle measurement error on the localization accuracy is very small. The method realizes self-localization for ground target without other reconnaissance system.
Target localization method
The operating principle of semi-active laser terminal correction projectile is that a laser designator is used to irradiate a target, and then a laser spot signal reflected from the target is received by a laser detector, as shown in Fig. 1 ; a control Peer review under responsibility of China Ordnance Society.
command is generated based on the reflected signal as input; and finally, according to the control strategy, the trajectory error is corrected by a control force produced by an actuator in projectile.
Laser spot signal reflected from target can be measured directly by laser detector, and then the line-of-sight (LOS) angle can be obtained, namely the angle between the projectile axis and line-of-sight. In this study, the target coordinate is derived based on line-of-sight angle, projectile position and speed.
Measurement model of laser detector
A detector of strapdown seeker is completely fixed to a projectile. An imaging point of target on the image plane is obtained after a laser spot signal is received by laser detector. The ground frame O-XYZ and the body frame O-X1Y1Z1 are defined in [8] , and the image frame O′-XgYgZg is transformed from the body frame, as shown in Fig. 2 .
In the ground frame, the projectile coordinate is noted as O(xo, yo, zo), and the target coordinate is noted as T(xt, yt, zt). The target coordinate in body frame is where φa, φ2 and γ are the elevation angle, projectile axis azimuth angle, and roll angle of projectile [8] , respectively. f is expressed as the focal length of lens, as shown in Fig. 2 . In the image frame, xg = f is a constant since the image plane is placed on the focal plane. According to the imaging geometric relationship of laser spot, the imaging point of target in the image frame is (y g, zg)
The imaging point of target in image frame can be obtained by using Eqs. (1) and (2). In Fig. 2 , Point T is the target point, and Point T′ is the laser spot on the detector image surface. Then the line-of-sight angle can be obtained by the following formula
The magnitude of line-of-sight angle reflects the deviation of projectile longitudinal axis from line-of-sight.
Estimation method of projectile attitude angles
In order to realize the target localization, the projectile attitude angles need to be obtained at first. For flight projectile, the angle between projectile longitudinal axis and projectile velocity is small, the deviation of trajectory from shooting surface is also small, and therefore the elevation angle φa and azimuth angle φ2 can be estimated as follows
where θa and ψ2 are velocity elevation angle and velocity azimuth angle, respectively; and δ1 and δ2 are angle of attack and the sideslip angle, respectively. The velocity elevation angle and velocity azimuth angle [8] can be obtained according to the definition
where vx, vy, and vz are the velocity components in the base frame [8] , which can be measured by onboard GPS in real time. External ballistics theory [9] shows that, for non-rolling and fin-stabilized projectile, its angle of attack is large early in the ballistic flight path but then stabilizes further along the projectile flight path. Its angle of attack can be approximated to 0°in the final stage of flight. Therefore, θa and ψ2 can be approximated to φa and φ2, respectively, based on the 
assumption of small angle of attack [10] , that is φa ≈ θa, and φ2 ≈ ψ2.
The base frame OXNYNZN is translated to the projectile center of gravity from the ground frame, and it moves with the center of gravity together. For the convenience of deriving the location relationship between projectile and target, the pitch angle ϑ and yaw angle ψ [11] should be calculated from φa and φ2. Fig. 3 shows the relationship among several angles in the base frame, where Point O is the projectile center of gravity, and Oξ is the longitudinal axis of projectile .
The pitch angle ϑ and yaw angle ψ can be obtained from the angle relationships in 
The pitch angle θ and yaw angle ψ can be approximated using Eqs. (4)- (6), and ϑr and ψr are denoted as real pitch angle and real yaw angle, respectively. On the assumption of small angle of attack, the calculated errors of pitch angle and yaw angle are δϑ = ϑr − ϑ and δψ = ψr − ψ, respectively.
In order to verify the assumption of small angle of attack, a fin-stabilized 120 mm projectile is used as an example, and the six-degrees-of-freedom trajectory simulations at quadrant elevation angles of 45°, 55°, 65°and 75°are taken, respectively. The calculated results of pitch angle error and yaw angle error at 3 s before projectile landed are shown in Figs. 4 and 5, respectively.
Obviously, the pitch and yaw angle errors decrease with projectile dropping, and the pitch angle error does not exceed 0.022°and the yaw angle error does not exceed 0.2°at 4 quadrant elevation angles. It proves that the calculation method of pitch angle and yaw angle based on the small angle of attack assumption is available.
Target localization principle
The optical axis of strapdown laser detector coincides with the projectile axis. Point F′ is an intersection between optical axis and ground, as shown in Fig. 6 . F′ can be obtained from the real-time projectile coordinates and attitude angles. In Fig. 6 , the point O(xo,yo,zo) is expressed as the vertex of cone, and the line-of-sight angle ε is expressed as half cone angle. A conical surface is constructed with the projectile axis as cone axis, and the ellipse E1 is obtained from an intersection between conical surface and ground plane. The target point must be on the ellipse E1 because all the angles between the projectile axis and the line from projectile center to E1 are ε.
Therefore, a ground target localization method was proposed. In the proposed method, the position and velocity of projectile are measured by onboard GPS and the line-of-sight angle is measured by laser detector at time t1, and then an ellipse E1 on the ground is obtained, where the target point is on the ellipse. Similarly, when the projectile flies to another position at time t2, an ellipse E2 is obtained through real time measurement. The target point is the intersection of E1 and E2, but two intersection points exist for two ellipses, which results in location ambiguity. Therefore, the third ellipse E3 at time t3 is required so that the target point is the intersection point of the three ellipses.
The three ellipses intersect at a point in the ideal case, but in reality the three ellipses cannot intersect at a point due to assumption of small angle of attack and measurement errors. If every two ellipses intersect, the target point will be in a region in which the intersection points concentrate. The region is near Points L1, M1 and N1, as shown in Fig. 7 .
Solution of localization algorithm
According to the target localization principle in Section 2.3, a relevant solution is needed to get the target location since three ellipses cannot intersect at a point. The projectile-target frame OrXrYrZr is obtained by moving the base frame from origin point O to projection point Or of projectile on the ground, and the frame with angle ψ is rotated about the axis of OrYN, as shown in Fig. 6 . The center location of ellipse in projectiletarget frame can be obtained by the geometrical relationship between optical axis of detector and target, denoted as point E1(xe, 0, 0). 
If the ellipse equation is transformed from the projectiletarget frame to the ground frame, then the standard equation of ellipse is obtained as follows 
where Ai, Bi, Ci, Di, and Ei are the parameters of i-th ellipse; min F(x, z) is the objective function. For the nonlinear programming issue, the design variables are x and z with the constraints of xp − 300 < x < xp + 300 and zp − 300 < z < zp + 300, where xp, zp are the coordinates of estimated impact point. A sequential quadratic programming (SQP) method is used to solve this problem. The calculated (x, z) is the location of target.
Simulation and analysis of target localization algorithm
A fin-stabilized 120 mm terminal correction projectile was taken for example to demonstrate the effectiveness of the proposed target localization algorithm. The projectile mass m is 13.45 kg, the muzzle velocity v is 340 m/s, and the maximum field-of-view angle of detector is ±8°. In the terminal trajectory, a laser detector receives a laser signal when a target is in the field-of-view of detector. The measuring frequencies of both GPS and laser detector are 10 Hz. Moreover GPS and the laser detector are used to measure the position and velocity of projectile and the line-of-sight angle at the same time, respectively. A set of data is collected every 0.1 s during flight. The target location could be calculated from every three sets of data by the localization algorithm in Section 2.
A six degrees of freedom (6-DOF) simulation was performed under the standard weather conditions. In the simulation, the quadrant elevation angle θ was 45°, and the uncontrolled ballistic impact point was P (7328.1, −31.4). The parameters of individual measurement errors, as shown in Table 1 , were defined by taking into account the measurement errors of GPS and laser detector [12, 13] .
To research the localization results of targets at different ranges in different directions achieved by the proposed target localization method, a number of different targets are placed around an uncontrolled ballistic impact point P at an interval of 45°with radii of 20 m, 40 m, 60 m, and 80 m evenly, as shown in Fig. 8 . Taking into account the correction capability and range of field-of-view, the maximum distance between supposed target and impact point of trajectory is taken to be 80 m.
The acquisition times are not the same for the different targets. So for the convenience of research, the starting time of target localization is defined as the time when the remaining trajectory height is 1 km. A group of measurement parameters is obtained every 0.1 s. The target position can be calculated by using three groups of measurement data in neighboring time. A total of 30 calculations were taken. The obtained localization points are shown in Fig. 8 . (13) where N = 30, (xt, zt) is the location of actual target point. Three-dimensional surface fitting was made for average localization error of each supposed target, and the average localization error surface was obtained, as shown in Fig. 9 . It can be seen from Fig. 9 that the localization error increases with the increase in the distance from target to impact point, and the amplitude of localization error in the direction of 45°right rear of impact point is larger than the localization error in other directions, but the maximum localization error is less than 4 m, which indicates this method has a high localization accuracy.
Analysis of influencing factors
Localization accuracy is important to the assessment of localization method. The analysis of the factors which have the influences on localization accuracy can help guide a more reasonable distribution of the system errors to improve localization accuracy.
The ellipse parameters were calculated using the proposed localization algorithm based on the assumption of small angle of attack. The localization accuracy is related to the assumption of small angle of attack. Since the angles of attack are different at the different quadrant elevation angles, the localization accuracy is related to the quadrant elevation angle. During projectile flight, the flight states and parameters of projectile cannot be accurately measured due to measurement error and sensor noise. Therefore, the localization accuracy is also affected by the position, velocity and angle measurement errors, which are measured by onboard GPS and laser detector, respectively.
The effect of quadrant elevation angle on localization accuracy
The simulation with quadrant elevation angles of 45°, 55°, 65°and 75°was made to research the effect of different quadrant elevation angle on localization accuracy. It is obvious that the average localization error is the largest when a supposed target is in the left rear and 80 m away from the impact point, as shown in Fig. 9 . Therefore, it can be assumed that the targets are in the left rear and 80 m away from the impact point at individual quadrant elevation angles. In the target localization simulation, the simulation conditions were the same as those in Section 3, and the target localization started at the remaining height of 1 km. The target localization was calculated every 0.1 s, a total of 30 calculations were taken, and then the localization error was calculated from
The statistical results of localization errors are shown in Fig. 10 . In Fig. 10 , n is the serial number of localization results. Apparently, the localization error does not exceed 4 m with the quadrant elevation angles of 45°and 55°. The localization error increases significantly with the increase in quadrant elevation angle, and the maximum error reaches 7 m for θ = 75°. It can be also known from Fig. 10 that the greater the quadrant elevation angle, the larger the localization error. Because the φa increases with the increase in quadrant elevation angle and the line-of- sight angle decreases at the same remaining height of different trajectories, the relative error of line-of-sight is greater under the condition of same measurement error of laser detector, and the localization error is greater. However, the target localization error of UAV electro-optical detection platform is about 37.1 m [3] , and the localization error of onboard radar reconnaissance system is about 30-40 m [5] . The proposed method has improved the target localization accuracy significantly, and then the semi-active laser terminal correction projectiles can defeat small fortification target, self-propelled gun, communication and command vehicle, infantry combat vehicle and other lightly armored vehicle more effectively.
The effect of projectile position accuracy on localization accuracy
According to the error theory, the measurement error is usually divided into system error, random error and gross error. The measurement error of projectile position consists of system error and random error with ignoring the gross error. The system error always exists and the mean of system errors is a constant during the flight of projectile, then the measurement error is a normally distributed N~(μ, σ), where μ is the system error, i.e., the measurement error of the mean deviation, and σ is the standard deviation of the normal distribution.
Let the projectile position errors in three directions δx, δy, δz be the same and the other error be zero, the measurement errors [12] are listed in Table 2 .
According to the measurement errors in Table 2 , the random measurement errors were obtained using Monte Carlo simulation. The target location was calculated 30 times for each trajectory, and 50 sets of trajectories were calculated to obtain 1500 calculated target locations. The average localization error ΔR was obtained through mathematical statistics. The average localization error in the measurement errors of different projectile position was obtained by substituting the measurement errors in Table 2 into 4 different quadrant elevation angles sequentially, as shown in Fig. 11 .
It can be seen from Fig. 11 that the average localization error decreases first and then increases with the increase in projectile position measurement errors. This is because the localization accuracy is affected by the measurement error of projectile position and the assumption of small angle of attack at the same time, and the projectile position error offsets a part of error caused by the assumption of small attack angle.
The effect of projectile velocity accuracy on localization accuracy
Let the projectile velocity errors in three directions δvx, δvy, δvz be the same and the other errors be zero, the velocity errors [12] are listed in Table 3 . 50 groups of simulation were done at each quadrant elevation angle, and then 1500 calculated target locations were obtained. The statistical results of average localization error are shown in Fig. 12 .
It can be known from Fig. 12 that the localization error caused by 5 kinds of velocity errors is very small, the maximum localization error does not exceed 4.5 m, and the magnitude of localization error changes irregularly with the increase in the measurement error of projectile velocity. This is because, in the localization algorithm, the ellipse parameters are calculated under the assumption of small attack angle, the increase in the measurement error of projectile velocity may increase or offset a part of localization errors caused by the assumption of small attack angle.
The effect of line-of-sight angle accuracy on localization accuracy
The angle measurement accuracy [13] can be controlled within 0.1°in the field-of-view of four-quadrant detector as a commonly used laser detector. 5 groups of angle measurement errors are shown in Table 4 .
50 groups of simulation were done at each quadrant elevation angle. The statistical average localization error is shown in Fig. 13 .
Obviously, the localization precision decreases with the increase in the measurement error of line-of-sight angle. The greater the quadrant elevation angle, the larger the localization error in the condition of the same angle measurement error. This is because the greater the quadrant elevation angle, the larger the estimated errors of pitch angle and yaw angle, i.e., the attitude angle error of projectile axis is larger. Because the ellipse is determined by the axis of projectile and the line-ofsight angle, and the measurement errors of projectile axis attitude and line-of-sight angle superpose on each other, the measurement error of ellipse is increased, thereby increasing the localization error.
Conclusions
In this effort, the model of ground target localization for semi-active laser terminal correction projectile was established, and the sources of localization error were analyzed. The effects of quadrant elevation angle and 3 kinds of measurement errors on localization accuracy were studied through Monte Carlo method. The results show that the localization error increases with the increase in the quadrant elevation angle of projectile, but the maximum localization error does not exceed 7 m. In 3 kinds of measurement errors, the localization error increases with the increase in the measurement error of line-of-sight angle, and the effects of projectile position error and velocity error on localization error are not obvious. The proposed localization method is simple in theory and meets the requirement of real-time localization accuracy. It provides a new localization method for semi-active laser terminal correction projectile, and it has an important significance for engineering applications. 
